METHOD AND APPARATUS FOR CONTROLLING CURRENT 



DEMAND IN AN INTEGRATED CIRCUIT 



5 



Field of the Invention 



This invention relates generally to integrated circuits, and more 
particularly to controlling current demand in an integrated circuit. 



Related Art 



10 



Power supply voltage of a microprocessor, microcontroller, or any other 



type of integrated circuit or chip deteriorates with voltage undershoots and 
overshoots caused by changes in its power demand. Changes in power demand 
may occur when different instruction streams executed by an integrated circuit 
have different power demands, and in some situations, the change is drastic, 
15 such as when the integrated circuit comes out of or goes into a sleep state. This 
causes a problem in that the integrated circuit will malfunction if the power 
supply voltage varies beyond acceptable limits. 

The large voltage variations during a drastic change of current are created 
mainly by the parasitic inductors in the package, bond wires, an on-chip 
20 interconnects. Therefore, the amount of overshoot or undershoot of the power 



supply voltage is directly proportional to dI / dt ■ ^ L / Q , where L is the inductance 



of the package and on-chip interconnects and C is the integrated circuit (or on- 
chip) decoupling capacitance. 

One solution to address this problem is to increase the integrated circuit 
25 decoupling capacitance such that the amount of voltage overshoot or 
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undershoot is decreased. However, the feasibility of larger integrated circuit 
decoupling capacitors as a solution is limited due to the large area required 
within the integrated circuit to place these decoupling capacitors. Also, the 
effectiveness of any increased amount of decoupling capacitance is decreased 
5 since the amount of overshoot or undershoot of the power supply voltage is 
proportional to the square root of the increase of the decoupling capacitance. 
Furthermore, the problem of supply voltage overshoot and undershoot becomes 
increasingly worse as microprocessors, microcontrollers, or other integrated 
circuits become faster and current consumption is increased. Therefore, a need 
10 exists to monitor and control power supply voltage overshoots and undershoots 
in order to remain within acceptable limits. 

Brief Description of the Drawings 

15 

The present invention is illustrated by way of example and not limitation 
in the accompanying figures, in which like references indicate similar elements, 
and in which: 

FIG. 1 illustrates, in partial block-diagram form and partial schematic 
20 form, a system according to one embodiment of the present invention; 

FIG. 2 illustrates current and voltage waveforms corresponding to power 
management transients; 

FIG. 3 illustrates current and voltage waveforms corresponding to in- 
stream power transients; 



FIG. 4 illustrates current and voltage waveforms corresponding to 
cyclical power transients; 

FIGs. 5-7 illustrate current and voltage waveforms in accordance with 
embodiments of the present invention; and 
5 FIG. 8 illustrates, in block-diagram form, a portion of power 

consumption circuitry of FIG. 1, according to one embodiment of the present 
invention. 

Skilled artisans appreciate that elements in the figures are illustrated for 
simplicity and clarity and have not necessarily been drawn to scale. For 
10 example, the dimensions of some of the elements in the figures may be 

exaggerated relative to other elements to help improve the understanding of the 
embodiments of the present invention. 
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Detailed Description 

As used herein, the term "bus" is used to refer to a plurality of signals or 
conductors which may be used to transfer one or more various types of 
5 information, such as data, addresses, control, or status. The terms "assert" and 
"negate" (or "deassert") is used when referring to the rendering of a signal, 
status bit, or similar apparatus into its logically true or logically false state, 
respectively. If the logically true state is a logic level one, the logically false 
state is a logic level zero. And if the logically true state is a logic level zero, the 
10 logically false state is a logic level one. 

Embodiments of the present invention relate generally to monitoring and 
controlling power consumption (i.e. current demand) of a power consumption 
circuit (such as an integrated circuit) in order to prevent devastating supply 
voltage undershoots, overshoots, and oscillations. For example, one aspect of 

15 the present inventions relates to a method for controlling current demand in an 
integrated circuit, the integrated circuit having power consumption circuitry. 
The method includes detecting if at least one of a predetermined overshoot and 
a predetermined undershoot is present or anticipated in a power supply voltage, 
and if one of the predetermined overshoot or predetermined undershoot is 

20 detected in the power supply voltage, controlling current consumed by the 
power consumption circuitry to ensure that the power supply voltage will 
remain within a predetermined margin of a predetermined power supply voltage 
level. 

Another aspect of the present invention relates to an integrated circuit 
25 comprising a capacitive decoupling structure for providing current when the 
power supply voltage level is decreasing and for consuming current when the 
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power supply voltage level is increasing. The integrated circuit also comprises 
power consumption circuitry for consuming power and power consumption 
control circuitry for controlling current consumed by at least a portion of the 
power consumption circuitry, where the power consumption control circuitry is 
5 coupled to the power consumption circuitry. 

Yet another aspect of the present invention relates to an integrated circuit 
comprising power consumption circuitry for consuming power and power 
consumption control circuitry, coupled to the power consumption circuitry, for 
controlling current consumed by at least a portion of the power consumption 
10 circuitry. The power consumption control circuitry comprises monitoring 

circuitry for comparing a power supply voltage to a predetermined voltage. The 
integrated circuit also comprises clock adjusting circuitry coupled to the power 
consumption control circuitry, the clock adjusting circuitry adjusting a clock 
signal which is provided to a portion of the power consumption circuitry. 

15 FIG. 1 illustrates a system 10 in accordance with one embodiment of the 

present invention. FIG. 1 is a simplified, approximate circuit model of system 
10. In one embodiment, system 10 is a power supply VLSI system. Therefore, 
system 10 may include other or different inherent or parasitic components than 
those illustrated in FIG. 1. System 10 includes a power supply 12 coupled to 

20 board-level circuitry 4 which is coupled to a package 6 which is coupled to an 
integrated circuit 8. Board-level circuitry 4 includes board power interconnects 
12 coupled to board decoupling structures 16. Package 6 includes package 
interconnect 14, and integrated circuit 8 includes integrated circuit power 
interconnect 22 coupled to integrated circuit capacitive decoupling structures 

25 18, and power consumption circuitry 20. Integrated circuit decoupling 
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structures 18 and power consumption circuitry 20 are also coupled to power 
supply 12 and board decoupling structures 16. 

System 10 illustrates current flow from power supply 12 to power 
consumption circuitry 20. Power supply 12 intends to supply a constant 
5 voltage. For example, power supply 12 may be a power regulator, battery, or 
the like. Also note that power supply 12 may be included as part of the circuit 
board such as board-level circuitry 4, or may be an external power supply as 
illustrated in FIG. 1 (such as, for example, in automotive applications). Current 
flows from power supply 12 through board-level circuitry 4. Board-level 

10 circuitry 4 includes board power interconnects 12 which represent the inherent, 
parasitic inductance of the circuit board power routes. Also, board-level 
circuitry 4 may include board decoupling structures 16 which, in one 
embodiment (as illustrated in FIG. 1), is a discrete capacitor component. This 
discrete capacitor component includes inherent resistances and inductances, as 

15 illustrated in board decoupling structures 16 of FIG. 1. Current then flows from 
board-level circuitry 4 through the package leads included in package 6. These 
package leads also include an inherent, parasitic inductance as illustrated by 
package interconnect inductance 14. Current then flows through integrated 
circuit power interconnects 22 before reaching the devices within power 

20 consumption circuitry 20. Integrated circuit power interconnect 22 is modeled 
by a resistor and inductor in system 10. 

After flowing through integrated circuit interconnect 22, the current 
reaches power consumption circuitry 20 which is represented in FIG. 10 as a 
variable resistor (i.e. variable load). For example, power consumption circuitry 
25 20 may include operational circuitry such as the logic gates of a microprocessor 
core. However, in alternative embodiments, power consumption circuitry 20 
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may include any circuitry that is involved in the operation of integrated circuit 8 
and requiring current. That is, power consumption circuitry 20 generally 
performs some function other than merely providing and receiving currents. 

In parallel to power consumption circuitry 20 is integrated circuit 
5 capacitive decoupling structures 18. These decoupling structures 18 may be 
formed in a variety of ways. For example, in one embodiment, these may be 
passive elements such as a capacitor, or, in alternate embodiments, may be 
active devices such as MOS transistors configured as capacitive elements. 
Integrated circuit capacitive decoupling structures 18 provide appreciable 

10 current to power consumption circuitry 20 while the power supply voltage level 
decreases, and likewise, consumes current while the power supply voltage level 
increases. Therefore, the function of integrated circuit capacitive decoupling 
structures 18 is to either provide or consume current in response to the power 
supply voltage from power supply 12. (Note also that integrated circuit 

15 capacitive decoupling structures 18 generally performs no other function within 
system 10 other than supplying or consuming current.) 

It can be appreciated that system 10 of FIG. 1 is simply an approximation 
of the inherent parasitics or actual components involved. Therefore, it can be 
understood by those of ordinary skill in the art that a packaged integrated circuit 
20 coupled to a circuit board can be represented in a variety of ways. For example, 
system 10 may utilize a more complicated or further simplified representation. 

If there is sufficient capacitance provided by board-level decoupling 
structures 16, board-level decoupling structures 16 effectively shield package 6 
from the inductance introduced by board power interconnect 1 1 such that a 
25 nominally constant voltage appears at node 24. However, even though the 

inductance of board-level circuitry 4 can be shielded by sufficiently high board 
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decoupling structures 16, parasitic inductance is introduced after node 24 by 
package interconnect 14. Therefore, the power supply voltage overshoot and 
undershoot is directionally proportional to dI / dt ■ , where L is the 

inductance of package 6 (that is, of package interconnect 14) and of integrated 
5 circuit power interconnect 22 and C is the capacitance provided by integrated 
circuit capacitive decoupling structures 18, and dl/dt refers to the rate of change 
of the current demanded by power consumption circuitry 20. 

Therefore, as discussed above, in order to decrease the magnitude of 
supply voltage overshoot and undershoot, the package inductance (L) can be 

10 decreased or the integrated circuit decoupling capacitance (C) can be increased. 
However, as discussed above, limits exist to increasing the value of C and 
decreasing the value of L. For example, as discussed above, in order to increase 
C, more area is required within integrated circuit 8. Also, as technology 
improves and more complex integrated circuits are manufactured, it is unlikely 

15 that the parasitic inductance of the package will decrease. For example, since 
the parasitic inductance of package interconnect 14 and of integrated circuit 
power interconnect 22 is associated with the physical dimensions of the 
integrated circuit and package, there exist limitations on reducing L beyond a 
certain level. Furthermore, the effectiveness of increasing C or decreasing L is 

20 diminished since L/C is within the square root radical (e.g. a decrease of 9 

achieved by increasing C and/or decreasing L translates into an actual decrease 
of only 3). Embodiments of the present invention thus provide solutions that 
focus on decreasing dl/dt in order to decrease the amount of supply voltage 
overshoot or undershoot. For example, to decrease dl/dt, dl can be decreased or 

25 dt can be increased, or any combination of the two, in order to help control 
supply voltage overshoot and undershoot. Therefore, a method for monitoring 
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the supply voltage and controlling the current demand of power consumption 
circuitry 20 can effectively decrease dl/dt, as will be discussed further below. 
(Also note that embodiments of the present invention may also increase the 
effective decoupling capacitance (C) when the clock is adjusted in order to 
5 decrease current demand.) 

FIGs. 2-4 illustrate various current (I) and voltage (Vdd) waveforms 
where I refers to the current consumed by power consumption circuitry 20 and 
Vdd to the supply voltage as seen by the devices of power consumption 
circuitry 20. Note that the voltage waveforms correspond in time to the current 
10 waveforms and illustrate the response of Vdd to the current as the current 
consumption of power consumption circuitry 20 changes. The waveforms of 
FIGs. 2-4 help illustrate examples of current changes that cause supply voltage 
overshoots and undershoots. 

FIG. 2 illustrates current and voltage waveforms corresponding to power 
15 management transients. For example, the waveforms of FIG. 2 correspond to 
power consumption circuitry 20 transitioning from a low power state to full 
power operation. (Note that although not shown in FIG. 2, power management 
transients also occur when transitioning from full power operation back to low 
power state.) Therefore, during a power management state, power consumption 
20 circuitry 20 operates at a low power state and the supply voltage (Vdd) is at a 
low power nominal level. The power management state may refer to power 
consumption circuitry 20 being in an off state, a low power state (such as in a 
sleep or nap mode), or the like. Upon power up, reset, wake up from a sleep 
mode, or the like, current is ramped up during a transition time to full power 
25 operation which affects the Vdd voltage levels (due at least in part to the large 
dl that exists between the low power state and full power operation). 



-9- 



For example, when the current levels sit at the low power state level 
during a power management state, Vdd sits at its low power nominal Vdd level. 
During the transition time when the current transitions from low power state to 
full power operation (such as, for example, upon reset or power up), Vdd 
5 undershoots below the low power nominal Vdd level. Vdd then continues to 
oscillate (both undershooting and overshooting) prior to stabilizing at a full 
power nominal Vdd level (corresponding to full power operation). The same 
occurs in a transition from full power operation to low power state (not shown) 
where Vdd first overshoots full power nominal Vdd and then continues to 
10 oscillate or ring prior to stabilizing at low power nominal Vdd.) 

Both supply voltage overshoots and undershoots can be devastating to 
power consumption circuitry 20. For example, undershoots can adversely 
affect speed paths which result in performance loss. Undershoots may also 
prevent power consumption circuitry 20 from retaining states, thus devastating 

15 power consumption circuitry 20. Likewise, overshoots may cause some paths 
to perform too quickly which may violate hold times defined for power 
consumption circuitry 20, or may introduce reliability issues such as 
degradation of the thin oxides of the transistors. Therefore, any level of 
undershoot and overshoot must be controlled so as to prevent damage to power 

20 consumption circuitry 20 and to ensure proper operation of power consumption 
circuitry 20. 

FIG. 3 illustrates current and voltage waveforms corresponding to in- 
stream power transients. For example, when executing instructions that require 
resources which consume lower amounts of power, power consumption 
25 circuitry 20 is at partial power operation. However, within the stream of 
instructions, power consumption circuitry 20 may execute high power 
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instructions which are those instructions that require resources that consume 
larger amounts of power. During these high power instructions, power 
consumption circuitry 20 operates at high or full power. The current transition 
between partial power operation and full power operation is less than that of 
5 FIG. 2 between low power state and full power operation (thus resulting in a 
lower dl); however, the transition time is faster between a low power instruction 
stream and a high power instruction stream meaning dt is smaller. Therefore, 
since Vdd is proportional to the rate of change of the current over time (dl/dt), a 
short transition time corresponds to a smaller dt value which likewise causes 
10 Vdd to oscillate (i.e. ring) about its partial power nominal VDD level prior to 
stabilizing at or about full power nominal Vdd. Once again, this ringing 
introduces supply voltage undershoots and overshoots which may be damaging 
to power consumption circuitry 20. 

FIG. 4 illustrates current and voltage waveforms corresponding to 
15 cyclical power transients. For example, power consumption circuitry 20 may 
repeatedly execute a series of instructions which may include both high power 
instructions and low power instructions. These instructions may result in a 
repetitive cyclical pattern alternating between high power instructions operating 
at full power and low power instructions operating at partial power, thus 
20 resulting in a cyclical current consumption wave, as illustrated in FIG. 4. This 
cyclical pattern may match up with the resonating frequency of power supply 
network of system 10, causing Vdd to overshoot and undershoot at a 
continuously increasing rate with each cycle period. This would result in 
catastrophic voltage overshoot and undershoot within power consumption 
25 circuitry 20, as seen in FIG. 4. (Note that the power supply network of system 
10 refers to the electrical network formed by power supply 12, board power 
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interconnect 11, board decoupling structures 16, package interconnect 14, 
integrated circuit capacitive decoupling structures 18, and integrated circuit 
power interconnect 22. In alternate embodiments, the power supply network 
may include more or less elements than those listed above.) 

5 Each of the problems illustrated in FIGs. 2-4 may result in devastating 

effects on power consumption circuitry 20, and a need exists to address each of 
these situations. Furthermore, many of the problematic transients occur 
unpredictably within power consumption circuitry 20 and can therefore not be 
prevented beforehand. For example, FIGs. 3 and 4 may be caused by a 

10 particular series of instructions within an instruction stream which can occur 
without notice. Also, since various different instructions streams may cause 
these problems, it is conceivable that one can intentionally design such 
instruction streams and thereby create devastating computer viruses. 
Furthermore, no specific instructions are required to create devastating 

15 instruction streams meaning that a large variety of design choices are available 
to create viruses that can attack any type of power consumption circuitry 20. 
Therefore, microprocessors, microcontrollers, or other integrated circuits which 
do not account for or control such supply voltage undershoots and overshoots 
(both predictable and non-predictable ones) are susceptible to those dangerous 

20 computer viruses. 

For example, these viruses (i.e. dangerous sections of code) may be sent 
to a personal computer (PC) processor where they may iteratively attempt and 
eventually succeed in causing the current to oscillate at the resonating 
frequency of the PC processor thus resulting in catastrophic overshoot or 
25 undershoot that destroy the PC processor. Alternatively, these viruses may be 
written to create fast or large power transitions causing dangerous overshoots or 
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undershoots of the supply voltage and irreparably damaging the PC processor. 
Thus a single person can globally distribute a computer virus to any computer 
coupled to the internet that could cause irreparable damage. Furthermore, the 
magnitude of the problem caused by such voltage supply overshoots and 
5 undershoots increases as clock speeds get higher. (For example, as clock 

speeds increases, the resonating frequencies generally decrease due to the use of 
more decoupling devices. This makes the power transitions within an 
instruction stream more susceptible to overshoots, undershoots, and resonating 
frequency oscillations.) 

10 In order to address the problem introduced in FIG. 2, power consumption 

by power consumption circuitry 20 may be intermittently interrupted in order to 
reduce dl/dt by increasing dt. Power consumption may be interrupted by 
stopping either the global or any local clocks, stalling the processor pipeline 
within power consumption circuitry 20, interrupting issuing of new instructions, 

15 or powering down portions of power consumption circuitry 20. Therefore, any 
means of reducing power consumption may be utilized to interrupt power 
consumption and control the current demand of power consumption circuitry 
20. 

FIG. 5 illustrates a transition from low power state to full power 
20 operation including interruptions in power consumption. The changes in 

current cause changes in Vdd. Current waveform 30 and voltage waveform 34 
correspond to the power management transients of FIG. 2. Utilizing 
embodiments of the present invention which interrupt power consumption of 
power consumption circuitry 20, the resulting current waveform is waveform 32 
25 and the corresponding voltage waveform is 38. Note that voltage waveform 38 
no longer includes the same amount of undershoot and overshoot as voltage 
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waveform 34. That is, voltage waveform 38 results in a controlled ringing that 
remains within a predetermined tolerance, as allowed by power consumption 
circuitry 20. 

FIG. 5 also illustrates an upper reduction threshold and a lower reduction 
5 threshold for Vdd. Therefore, whenever Vdd falls below the lower reduction 
threshold (in response to the increasing I), power consumption is interrupted 
(thereby reducing current demand) as illustrated in FIG. 5 when voltage 
waveform 38 goes from low power nominal Vdd down to the lower reduction 
threshold (at point 36). Power remains interrupted as illustrated by the flat 

10 portion (portion 31) of waveform 32 until the voltage waveform increases and 
hits the upper reduction threshold (at point 37). Upon reaching the upper 
reduction threshold, normal power consumption is resumed and the transition to 
full power operation continues from the same power level from which it left off 
just prior to power consumption being interrupted, as illustrated by the ramping 

15 portion of waveform 32 (immediately following portion 31). Vdd once again 
decreases until reaching the lower reduction threshold (at point 39) at which 
point power consumption is again interrupted (portion 33). Eventually, Vdd 
will no longer decrease and exceed the threshold values, and the voltage 
waveform will eventually stabilize about a full power nominal Vdd level. 

20 Therefore, the interruption of power consumption shifts the transition during 
each interruption and the total dt 43 is now greater than the dt 41 without the 
interruptions, thus resulting in a decreased dl/dt and a controlled voltage supply 
undershoot. 

FIG. 6 illustrates power consumption circuitry 20 transitioning from full 
25 power operation back down to the low power state. Note that the waveforms 
are simply the inverse of the waveforms of FIG. 5. Current waveform 69 and 
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voltage waveform 65 correspond to the power management transients problem 
discussed above (note that these waveforms 69 and 65 are the inverses of the 
current and voltage waveforms of FIG. 2). Utilizing embodiments of the 
present invention which intermittently increase power consumption of power 

5 consumption circuitry 20, the resulting current waveform is waveform 79 and 
the corresponding voltage waveform is 67. Therefore, in order to reduce dl/dt, 
power consumption may be intermittently increased, as will be discussed 
further below. Power consumption (i.e. current demand) of power consumption 
circuitry 20 may be increased by turning on (i.e. powering up) idle blocks 

10 within power consumption circuitry 20, issuing high power instructions, turning 
on a power dissipation load, or the like. Therefore, dl/dt is increased by 
increasing dt, which helps control voltage ringing. 

FIG. 6 also illustrates an upper increase threshold and a lower increase 
threshold for Vdd. Therefore, whenever Vdd rises above the upper increase 

15 threshold (in response to the decreasing I), power consumption is increased 
(thereby increasing current demand) as illustrated in FIG. 6 when voltage 
waveform 67 goes from high power nominal Vdd up to the upper increase 
threshold (at point 57. Power remains increased as illustrated by the elevated 
portion (portion 51) of waveform 79 until the voltage waveform 67 decreases 

20 and hits the lower increase threshold (at point 59). Upon reaching the lower 
increase threshold, normal power consumption is resumed and the transition to 
low power state continues from the point where the power consumption would 
have been if it had continued without the intermittent increase, as illustrated by 
the decreasing portion of waveform 79 (immediately following portion 51). 

25 Vdd once again increases until reaching the upper increase threshold (point 61) 
at which point power consumption is again increased (portion 53). Eventually, 
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Vdd will no longer increase and exceed the upper increase threshold value, and 
the voltage waveform 67 will eventually stabilize about a low power nominal 
Vdd level. Therefore, the intermittent increases in power increases the total 
transition time such that the total dt 83 is now greater than the dt 81 without the 
5 intermittent increases in power, thus resulting in a decreased dl/dt and a 
controlled voltage supply overshoot. 

Likewise, in order to address the problem illustrated in FIG. 3, power 
consumption may be intermittently interrupted or intermittently increased, as 
was described in reference to FIGs. 5 and 6, depending on whether the current 
1 0 transition is from partial power operation to full power operation or full 
operation to partial power operation, respectively. By intermittently 
interrupting or increasing power consumption, the transition time (i.e. dt) 
between low power instruction streams and high power instruction streams or 
between high power instruction steams and low power instruction streams, 
15 respectively, is increased, thus decreasing the overall dl/dt. As illustrated in 
FIGs. 5 and 6, this controls the ringing effect of Vdd resulting from the faster 
current transitions between power levels. 

FIG. 7 illustrates the intermittent interruption of power consumption 
circuitry in order to address the problem illustrated in FIG. 4. In order to 
20 prevent the catastrophic voltage overshoot or undershoot caused by the cyclical 
repetition of high power and low power instructions matching the resonating 
frequency of the power supply network of system 10, power consumption may 
be interrupted (e.g. portions 48 and 52) which results in phase shifting the 
resulting cyclical pattern such that it does not match with the resonating 
25 frequency of power consumption circuitry 20. Furthermore, the power 
consumption may be intermittently increased (portions 50 and 54) which, 
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together with the intermittent interruptions (portions 48 and 52), control any 
ringing of Vdd. Each time Vdd reaches a corresponding threshold, power is 
either reduced, increased, or returned to normal power consumption. As the 
current transitions from partial power operation to full power operation (i.e. 
5 transitions from executing low power instructions to high power instructions), 
Vdd decreases until reaching the lower reduction threshold (at point 71) at 
which point power consumption is interrupted (e.g. portion 48). Vdd then 
increases until reaching the upper reduction threshold (at point 73) at which 
point normal power consumption by power consumption circuitry 20 is 
10 resumed. As the current continues to transition to full power operation, Vdd 
continues to respond normally to the current consumed by power consumption 
circuitry 20 until one of the upper increase threshold or the lower reduction 
threshold is reached. 

In the embodiment illustrated in FIG. 7, the next threshold reached by 
15 Vdd that causes a change in current demand is the upper increase threshold (at 
point 75) at which point power consumption is increased (portion 50). The 
increase in power is terminated when Vdd reaches the lower increase threshold 
(at point 77) at which point normal Vdd response resumes. Note that during the 
portions where power consumption is interrupted (e.g. portions 48 and 52), the 
20 resulting waveform 42 is shifted by an amount of time equivalent to the 

duration of the interruption, thus continuously phase shifting waveform 42. The 
periods during which power consumption is increased (e.g. portions 50 and 54) 
may not result in further phase shifting the waveform; however, they aid in 
controlling the voltage ringing effect as illustrated with waveform 46. 
25 Therefore, the combination of power interrupted portions 48 and 52 and power 
increase portions 50 and 54 help ensure that the current waveform never 
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matches the resonating frequency for extended periods of time and helps control 
the ringing effect of Vdd by ensuring that the levels remain within acceptable 
levels. Note that although FIG. 7 illustrates only one interrupt or increase 
during each partial power/full power transition, the voltage thresholds may be 
5 designed to produce any number of interruptions or increases in power 
consumption. 

FIG. 8 illustrates, in block-diagram form, a portion of power 
consumption circuitry 20 which includes power consumption control circuitry 
62 which includes monitoring circuitry 60, power consumption reduction 

10 control circuitry 64, and power consumption increase control circuitry 66. 

Power consumption control circuitry 62 receives the upper reduction threshold, 
lower reduction threshold, upper increase threshold, and lower increase 
threshold in order to interrupt or increase power consumption as necessary (as 
was described in reference to FIGs, 5-7). Therefore, comparators 68, 70, 72, 

15 and 74, within monitoring circuitry 60, each receive Vdd and a threshold value 
and provides a control signal to power consumption reduction control circuitry 
64 or power consumption increase control circuitry 66. For example, 
comparators 68 and 70 each provide a control signals to reduction control 
circuitry 64, and comparators 72 and 74 each provide control signals to increase 

20 control circuitry 66. These control signals are therefore asserted when the 
corresponding threshold is reached. 

Reduction control circuitry 64 provides a control signal 84 to clock 
adjusting circuitry 78. Control signal 84 is asserted in response to the inputs to 
reduction control circuitry 64. For example, control signal 84 may be asserted 
25 when the lower reduction threshold is reached. Clock adjusting circuitry 78 
also receives CLK (a clock signal) and outputs ADJUSTED CLK (the adjusted 
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clock signal). For example, in one embodiment, clock adjusting circuitry 78 
can be clock gating circuitry where ADJUSTED CLK is a gated clock signal. 
CLK can be any clock signal within power consumption circuitry 20. For 
example, it can be a global clock or a local clock. Also, clock adjusting 
5 circuitry 78 can adjust any clock signal further downstream within power 

consumption circuitry 20. For example, clock adjusting circuitry 78 can enable 
existing power management circuitry within power consumption circuitry 20 in 
order to adjust the clocks. Alternatively, clock adjusting circuitry 78 can be 
replaced with other power interrupting circuitry, such as, for example, pipe 

10 stalling circuitry that causes the pipeline within power consumption circuitry to 
stall rather than interrupting any clock signals. Furthermore, other power 
interrupting circuitry can be used that delays or stalls any other available type of 
architecture circuitry other than the pipeline. In alternate embodiments, any 
other circuitry may be used in place of clock adjusting circuitry 78 that 

15 interrupts power consumption (i.e. current demand) of power consumption 
circuitry 20. 

Increase control circuitry 66 provides a control signal 82 to power 
dissipation circuitry 80. Power dissipation circuitry 80 is coupled between Vdd 
and ground and is modeled as a resistor. Control signal 82 is asserted in 

20 response to the inputs to increase control circuitry 66, such as, for example, 
when upper increase threshold is reached. When control signal 82 is asserted, 
power dissipation circuitry 80 is enabled which increases power consumption 
(i.e. current demand) of power consumption circuitry 20. Power dissipation 
circuitry 80 can be an existing portion of power consumption circuitry 20 that 

25 can also be used to dissipate power as needed. For example, power dissipation 
circuitry 80 may include idle blocks of circuitry that are powered up in order to 
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increase power consumption. In alternate embodiments, power dissipation 
circuitry 80 may be circuitry available on power consumption circuitry 20 that 
is used for no other function than to increase power consumption. 

FIG. 8 can be better understood in reference to FIGs. 5-7. For example, 
5 as illustrated in FIGs. 5-7, when Vdd reaches the lower reduction threshold 
value, comparator 70 asserts its control signal to reduction control circuitry 64, 
which, in response to receiving the asserted control signal from comparator 70, 
asserts control signal 84. Clock adjusting circuitry 78 then enables the power 
consumption interruption until comparator 68 detects that the upper reduction 

10 threshold has been reached, at which point, control signal 84 is deasserted and 
normal power consumption resumes. Likewise, as also illustrated in FIGs. 5-7, 
when Vdd reaches the upper increase threshold value, comparator 72 asserts its 
control signal to increase control circuitry 66, which, in response, asserts 
control signal 82. Power dissipation circuitry 80 then enables the power 

15 consumption increase until comparator 74 detects that the lower increase 

threshold has been reached, at which point, control signal 82 is deasserted and 
normal power consumption resumes. 

While a four-point control system is illustrated utilizing two sets of upper 
and lower thresholds, alternative methods based in general control theory may 

20 be used. For example, power consumption control circuitry 62 can be designed 
to not only monitor absolute voltage levels but monitor rate of voltage change. 
Alternatively, alternate control systems may incrementally change the power 
dissipation of any power dissipation circuitry such as power dissipation 
circuitry 80, and likewise incrementally decrease power consumption by a 

25 power consumption circuitry such as power consumption circuitry 20. 

Therefore, more intelligent control systems may be utilized to achieve more 
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control. Alternatively, the current controls of FIG. 8 may be simplified by 
combining some threshold voltage levels and using a single value. For 
example, rather than utilizing a separate upper reduction threshold and lower 
reduction threshold, they may be combined into a single reduction threshold 
5 value. Likewise, upper increase threshold and lower increase threshold may 
also be combined into a single increase threshold value. Therefore, the block 
diagram of FIG. 8 is simply one illustration of one embodiment, but may be 
either more simplified or more complex, depending on the amount of control 
desired. Also, in alternate embodiments, any threshold values used within 

10 power consumption circuitry 20 may be user programmable rather than fixed. 
This allows for a greater degree of flexibility for the user. 

In the foregoing specification, the invention has been described with 
reference to specific embodiments. However, one of ordinary skill in the art 
appreciates that various modifications and changes can be made without 

15 departing from the scope of the present invention as set forth in the claims 

below. For example, although embodiments of the present invention have been 
described generally in reference to microprocessors, the power consumption 
control circuitry may be used to control the current demand of any integrated 
circuit and is not limited to microprocessors. Also, while power consumption 

20 control circuitry 62 is illustrated in FIG. 8 as directly detecting power supply 
voltage, other means of determining the power supply voltage (Vdd) may be 
utilized, such as by sensing at least one of power supply current, power, signal 
delay, and signal frequency. Accordingly, the specification and figures are to 
be regarded in an illustrative rather than a restrictive sense, and all such 

25 modifications are intended to be included within the scope of present invention. 



-21- 



Although the invention has been described with respect to specific 
conductivity types or polarity of potentials, skilled artisans appreciate that 
conductivity types and polarities of potentials may be reversed. 

Benefits, other advantages, and solutions to problems have been 
5 described above with regard to specific embodiments. However, the benefits, 
advantages, solutions to problems, and any element(s) that may cause any 
benefit, advantage, or solution to occur or become more pronounced are not to 
be construed as a critical, required, or essential feature or element of any or all 
the claims. As used herein, the terms "comprises/ 1 "comprising/ 1 or any other 
10 variation thereof, are intended to cover a non-exclusive inclusion, such that a 
process, method, article, or apparatus that comprises a list of elements does not 
include only those elements but may include other elements not expressly listed 
or inherent to such process, method, article, or apparatus. 
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